Introduction
Vibrio vulnificus is an opportunistic, but formidable pathogen that can cause lethal infections in humans [1] . V. vulnificus is responsible for upwards of 95% of shellfish-related deaths in the US, and is a common cause of lethal infections resulting from exposure of wounds to marine and brackish waters. Outbreaks of vibrio infections are often associated with flooding caused by natural disasters [2] . Bacteriophages play important, but sometimes competing, roles in the epidemiology of many bacterial pathogens, including vibrios [3, 4] . A temperate phage enhances the virulence of V. harveyi, for example [5] . In the case of disease cholera the temperate phage, CTXØ, contributes to the virulence of the causative agent, V. cholerae, via lysogenic conversion [6] , but other lytic bacteriophages appear to ameliorate cholera epidemics by lysing the pathogen [7] . Currently, little is known about phages that infect V. vulnificus, but they are reported to be diverse and abundant in the Pacific Northwest and Gulf Coast regions of the US [8] . V. vulnificus phages could be a major contributor to the observed variability in virulence among host strains through the processes of horizontal gene transfer and lysogenic conversion. As a first step toward evaluating these possibilities, we are undertaking the isolation and detailed characterization of model phage-host systems. We chose the Ala Wai Canal in Honolulu, HI as our sampling site, since the waters of the canal appear to have been the source of a lethal infection by Vibrio vulnificus [9] . In 2009, we isolated a bacteriophage that infects Vibrio vulnificus from the canal. Here we present a description and annotation for the complete genome sequence of Vibrio phge VvAw1.
Classification and Features
Both the Vibrio phage VvAW1, and its host V. vulnificus strain V93D1V were isolated from the Ala Wai Canal, a 3.1 km long, man-made waterway located on the southern coast of Oahu that separates Waikiki and urban Honolulu [10] . A watershed covering 42.4 km 2 drains into the Ala Wai Canal, and the streams feeding the canal drain through urban areas of Honolulu, resulting in anthropogenic contamination [11] . The influx of fresh water from the streams, and the influx of seawater through the Ala Wai Harbor, creates a salinity gradient with a typical salt-wedge structure [10] . The salinity in the canal ranges from 0 to 35 ‰, depending on precipitation and tidal fluctuations (Nigro and Steward, unpublished data). Because of the local tropical climate, the temperature range of the canal is relatively narrow, usually ranging from 20 to 30 °C (Nigro and Steward, unpublished data). The host V. vulnificus strain, V93D1V, is a 16S rRNA "Type A", which is not commonly associated with pathogenic infection [12] . Standards in Genomic Sciences
The phage particle is icosahedral, with a capsid diameter of 43-45 nm and a tail-plus-capsid diameter of 52 nm ( Figure 1 and Table 1) . The tail appears to be short and non-contractile, which is commonly seen in members of the Podoviridae family [13] . The genome of the phage is made up of double-stranded DNA, and appeared by pulsed-field gel electrophoresis to be around 40kb in length (data not shown). These structural observations, combined with phylogenetic evidence (Figure 2 ) have resulted in the tentative classification of VvAW1 as a member of the Podoviridae family, with an unassigned genus.
Genome sequencing information Genome project history
Vibriophage VvAW1 is the first genome sequence publicly available for a phage infecting V. vulnificus. As such, this sequence is a significant contribution to limited data sets of vibriophage and podovirus genomes. This genome was selected for sequencing as a first step toward better understanding the roles of bacteriophages in the ecology and virulence of V. vulnificus. DNA sequencing and assembly was performed at the University of Hawai'i at Mānoa, Department of Oceanography, Center for Microbial Oceanography: Research and Education (C-MORE) using the university's Advanced Studies in Genomics, Proteomics and Bioinformatics (ASGPB) sequencing facility. Genome annotation was performed both in-house as well as by submission to the IMG-ER genome annotation pipeline (Department of Energy Joint Genome Institute) [15, 16] . A summary of the project information is presented in Table 2 .
Growth conditions and DNA isolation Viral strain VvAW1 was isolated from waters collected at the head of the Ala Wai Canal in Honolulu, Hawai'i. On April 4, 2009, a one-liter surface water sample was collected, transported and processed within two hours of collection. Concurrent measurements of temperature and salinity were made at the time of collection. The water sample was filtered through a 0.22 µm membrane filter (Sterivex; Millipore) using a peristaltic pump. The filtered Ala Wai water was then supplemented with six strains of V. vulnificus and incubated at room temperature overnight in order to increase the numbers of any V. vulnificus phages that were present through infectious replication. The water was then filtered again through a 0.22 um Sterivex filter. The presence of phages was checked by an agar overlay plaque assay against each of the six inoculated strains. Each strain was incubated separately with 0.05 ml of the virus-containing filtrate for 10 minutes. This mixture was combined with molten soft tryptic soy agar (TSA) agar (0.6% agar w/v) and poured onto a TSA plate. Plates were incubated at 37 °C for 72 hours, and examined for plaques every 24 hours. After 72 hours, one strain, V93DIV, had 8 plaques. A single plaque was harvested, serially diluted and plated using the soft-agar overlay technique serially, three times to ensure the isolation of a single strain of phage. Following isolation, a bacterial lawn of strain V93D1V was fully lysed to obtain a high virus titer. Unrooted maximum likelihood tree highlighting the position of Vibriophage VvAW1 relative to its most similar homologs by BLAST search (E-value > 10e-5). All of the phages in the tree are classified as podoviruses, with the exception of phiSG1 and APSE-2 prophage, which are unclassified. The phages and the corresponding GenBank accession numbers for their capsid protein genes are: EBPR podovirus AEI70875; Xyella phage Xfas53, YP_003344924; Thalassomonas phage Ba3, YP_001552282; Sodalis phage phSG1, YP_516191; APSE-2 prophage, YP_002924439; and Enterobacteria phage HK620, NP_112079. These sequences were aligned using the MAFFT alignment program, version 6.814b, using auto settings; and the maximum likelihood tree was built using PHYML with a Whelan and Goldman substitution model, and was bootstrapped 10,000 times using the Geneious software package v 5.5.7 [14] .
Viral particles were purified in a continuous equilibrium buoyant density CsCl gradient, spun at 29,000 rpm for 92.5 hours at 20 °C in an XL-80K Ultracentrifuge (Beckman) with a SW-41 rotor. CsCl was exchanged with TE buffer (10 mM Tris, 1 mM EDTA, pH 8) by centrifugal ultrafiltration and total nucleic acids were extracted using silicabased spin columns (QIAGEN DNeasy Blood and Tissue Kit) according to the manufacturer's instructions. Genomic DNA was hydraulically sheared to 1000-1200 bp-sized fragments (HydroShear; GeneMachines). Size-selected DNA was end-repaired (DNATerminator End Repair Kit, Lucigen) and ligated into a pSMART HC KAN vector (Lucigen) and then transformed via electroporation into DH5alpha E. coli 10G SUPREME electrocompetent cells (Lucigen). Colonies were picked (n=288) and grown in CircleGrow (MP Biomedicals) liquid media plus kanamycin and plasmid DNA was isolated. 
Genome annotation
Open reading frames (ORFs) were determined using a combination of three gene calling methods, i) the Genemark.hmm 2.0 gene prediction program [17] , ii) the RAST (Rapid Annotation using Subsystem Technology) genome annotation server [18] and iii) the Integrated Microbial Genomes-Expert Review (IMG-ER) platform developed by the Joint Genome Institute, Walnut Creek, CA, USA [15] . ORFs that were identified by only one of the three methods and which showed no homology to known proteins (E-value < 1e -5 ) were not included in the annotation.
The predicted ORFs were translated and used to search the National Center for Biotechnology Information (NCBI) non-redundant database, the Conserved Domain Database (CDD), TIGRFam, Pfam, SMART, PRK, COG, and InterPro databases. The tRNAScanSE tool [19] was used to find tRNA genes. Additional manual functional annotation was performed within the IMG platform [20] , within the Artemis/ACT package [21, 22] and using the Geneious software package v 5.5 [14] . The complete genome sequence was submitted to GenBank and assigned the accession number JQ801337.
Genome properties
The properties and the statistics of the genome are summarized in Tables 3-5 .The genome has a total size of 38,682 bp of unique sequence, with one circularly permuted, terminally redundant, linear chromosome (49.1% GC content) ( Figure 3 ). A total of 40 genes were predicted, all of which are protein-coding genes. Of these predicted proteincoding genes, eight were assigned to a putative function three were assigned to conserved, but unknown functional categories, and the remaining were annotated as hypothetical proteins. Although only eight genes were assigned to a putative function, all but three genes showed significant sequence similarity to gene sequences, of either known or unknown function, in the NCBI database (Table 5) . No paralogs were identified in this genome. a) The total is based on either the size of the genome in base pairs or the total number of protein coding genes in the annotated genome. 
Insights from the genome sequence Comparative genomics
Significant similarity was observed between Vibriophage VvAW1 and Ba3, which infects the coral pathogen Thalassomonas loyana, both in terms of gene order and gene homology (Figures 3  and 4) . Bacteriophage genomes have been described as mosaic, with areas of intense similarity amalgamated with areas that appear to be unrelated [23] . The genome of VvAW1 displays extensive mosaicism, with some regions closely related to Ba3, and some apparently unrelated. Many of the areas of the genome that do not show homology to Ba3, show significant similarity to another phage, Pseudomonas phage F116 ( Figure  4 ). Only one of the predicted VvAW1genes (gene 13) showed significant sequence similarity to both Ba3 and F116. Mosaic patterns in bacteriophage genomes support the theory that horizontal gene transfer plays a role in phage evolution [23] . *Genes are listed by number, along with their predicted function, if known, followed by the nature of the evidence (e.g., COG group) that supports the functional classification. Genes with no functional prediction, but with significant (E < 10 -5
) sequence similarity to genes in the NCBI database as determined by blastp, are listed, followed by the name of the organism in which the similar gene was found. [21] . Genomes were aligned using WebACT, using default tblastx settings, with E-value set to 10e -4 , and genetic code set to eubacterial. ACT display was set to show homologous regions with BLAST scores >40, and sequence similarity >25%.
VvAW1 replication strategy
The life cycle and replication strategy of Vibrio phage VvAW1 have not been determined, however while propagating the phage it was found that infected cultures did not completely clear, and plaques were turbid (data not shown), suggesting that the bacteriophage is temperate [24] . Analysis of the genome sequence further supports the hypothesis that the phage is temperate. As determined by homology searches using the CDD, Pfam motif analysis, and InterProScan, the predicted protein product of gene 32 is a transcriptional regulator with homology to the Enterobacteria phage lambda (lambda) repressor C1, which is responsible for maintaining lysogeny in E. coli. The VvAW1 C1 homolog also displays a helix-turn-helix motif. The putative C1 repressor gene is a location of transcriptional divergence in the VvAW1 genome, similar to lambda (Figure 5a ). The temperate bacteriophage lambda has a central regulatory circuit that has been wellstudied. Divergently transcribed repressors (C1 and Cro) regulate passage into the lytic or lysogenic cycle [27] . Although sequence homology was not seen in gene product 31 to the Cro repressor, genome arrangement between the two phages is conserved (Figure 5a ). The intergenic space between the C1 and Cro genes in lambda is the site of two key promoters involved in regulatory events. Although the promoters were not identified in this region of the VvAW1 genome, GC content in the intergenic spacer is low (37%) relative to the VvAW1 genome. Synteny between VvAW1 and lambda persists in other regions of the genome. The lytic pathway of lambda, up-regulated by Cro production, leads to the transcription of "early" and "late" phage genes. These genes are located downstream of the Cro repressor. The early genes, which encode proteins involved in DNA replication, are transcribed first, followed by the morphogenetic or late genes, which encode phage assembly proteins. This modular organization of the genome is typical of tailed bacteriophages [28] . Temperate phages show a striking conservation of gene order with regard to their morphogenetic genes with very few exceptions to the clustering and specific order of these genes [26] . The genome of VvAW1 shows the gene clustering of function and conservation of gene order of early and late genes that is Standards in Genomic Sciences characteristic of temperate phages (Figure 5b) . Notably, the VvAW1 genome is missing the "tail shaft" and "tape measure" genes, as is the case for the genome of the Salmonella phage P22. The absence of these genes in P22 can be attributed to the fact that P22 is a podophage, and therefore has a short tail. The absence of these genes in VvAW1 as well, corroborates the morphological and genomic evidence and further supports the inclusion of this phage in the family Podoviridae. Figure 5 . Comparison of similar regions of the lambda, and Vibriophage VvAW1 genomes. (A) Circularized genomes of lambda and VvAW1 highlighting synteny between the two phages. The genome of phage lambda was accessed from GenBank, accession number NC_001416 [25] . The genome maps were drawn using the Geneious software package [14] .(B) Late genes of temperate phages. This figure was redrawn and modified from Casjens, 2003 [26] . Similar colors represent genes with conserved order, but not necessarily sequence similarity. Spaces between the colored squares indicate that additional genes lie between the indicated genes. The numbers below the VvAW1 genome indicate gene number as described in Table 5 .
We were unable to identify an integrase gene in the genome of VvAW1. Integrase genes regulate the integration of viral genomes into the genome of their host, and in lambda this gene is located downstream of the C1 lambda repressor ( Figure  5A ) [25, 29] . The integrase gene may be present and not sufficiently similar to other integrases to be identified by sequence similarity. It is also possible that VvAW1 replicates as a plasmid, which has been observed in F116, as well as Vibriophage VHS1 [30, 31] . Immediately downstream of the intergrase gene in the lambda genome is the attP site, which contains integration host factor (IHF) binding sites. We have identified a region in VvAW1 that has the IHF binding consensus sequence AWWTCAANNNNTR downstream of the putative lambda-like repressor [32] . 
Conclusion
According to our analysis of the Vibriophage VvAW1 genome, this phage is most likely a member of the viral family Podoviridae. The genome shows modular organization and mosaicism. Portions of the genome show synteny with the genome of bacteriophage lambda. High sequence similarity was observed between VvAW1 and the Thalassomonas phage Ba3, as well as the Pseudomonas phage F116. Functional predictions of VvAW1 genes indicate the possibility of a lysogenic replication strategy, however an integrase gene could not be identified in the genome. It is possible that VvAW1 lysogenizes its host, without integrating into the host genome, replicating as a plasmid.
